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We reconsider the effect of electromagnetic radiation from superconducting strings on cosmic 
microwave background (CMB) jj,- and j/-distortions and derive present (COBE-FIRAS) and future 
(PIXIE) constraints on the string tension, fis, and electric current, /. We show that absence of 
distortions of the CMB in PIXIE will impose strong constraints on /is and /, leaving the possibility 
of light strings {Gfis < 10^^*) or relatively weak currents (/ < 10 TeV). 
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I. INTRODUCTION 

Phase transitions are key milestones in the thermal history of the universe. As the universe evolves and cools, fun- 
damental symmetries are spontaneously broken and cosmological phase transitions occur. Therefore, the observation 
of phase-transition remnants can give us direct access to high energy particle physics and the very early universe. 

Superconducting cosmic strings are one of a variety of topological defects that could be produced at phase transitions 
in the early universe [H, 0] • As superconducting strings move through the cosmic magnetized plasma, they can develop 
and carry large currents, and oscillating loops of superconducting strings will emit copious amounts of electromagnetic 
■ radiation and particles mostly as bursts 0,131 ■ This led to the idea that superconducting strings may be a candidate 
for the engine driving observed gamma ray bursts , sources of cosmic ray bursts Q and radio transients [l^l . 
O ■ In this paper we focus on the role of superconducting cosmic strings as sources that inject energy in the cosmic 
medium and cause spectral distortions of the cosmic microwave background (CMB). The measurement of the CMB 
spectral distortion is a g ood probe of the thermal history of the universe and has been studied analytically and 
numerically in Refs. jll| - [l6l |. In the early universe {z ^ 10^ where z is the cosmic redshift), double Compton 
and Compton scatterings are very efficient, and any energy that is injected in photons into the cosmic medium is 
thermalized, and the cosmic radiation spectrum remains that of a blackbody. However, the expansion of the universe 
makes these scatterings less efficient with time and energy injected at epochs with z < 10^ produces CMB spectral 
distortions. That is, the spectrum departs from a blackbody spectrum. Such distortions are commonly described by 
two parameters: the fi (chemical potential) distortion parameter, and the Compton y-parameter. Current constraints 
on these parameters have been obtained by COBE FIRAS and are: < 9 x 10^^ and y < 1.5 x 10^^ [13, El- The 
recently proposed future space mission called PIXIE has the potential to give dramatically tighter constraints on both 
types of distortion, ^ 5 x 10~^ and y ^ 10~^ at the 5 cr level [l9j . 

There are several more conventional reasons for expecting CMB distortions. The diffusion of density fluctuations 
before recombination, known as Silk damping (20| . is an energy injection source which produces CMB distortions 
[2l| - |23j at the level of fi ^ 8 x 10~^ [H,!!^. Other energy injection sources include massive unstable relic particles 
which decay during the thermalization epoch [2^ , dissipation of primordial magnetic fields during the recombination 
epoch [l^l, and Hawking radiation from primordial black holes [2^. An observation of CMB distortions will not by 
itself definitively point to a particular injection source, though upper limits on the distortions can be used to place 
constraints on models. 

We evaluate both /i- and y-distortions due to energy injected from superconducting string loops. The injected 
energy depends on the current, /, carried by the strings, and on the string tension, /i^. In general, the current arises 
due to the interaction of strings with ambient magnetic fields and need not be constant along a string, and may 
also vary among different parts of the string network. However, we shall simplify our analysis by assuming the same 
constant current along all strings in the network. This simplification is expected to be accurate in the presence of 
primordial magnetic fields so that there is sufficient time for the current to build up and saturate at its maximum 
possible value. 
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In this paper, we will obtain constraints in the two dimensional parameter space given by the electric current on 
superconducting cosmic string loops and the string tension (/ — G^s plane) due to present limits on CMB distortions. 
Early analyses placed a constraint on the fraction of electromagnetic to gravitational radiation from strings 0, H^, HO] ■ 
However, since both the electromagnetic and gravitational power depend on the string tension, as described in Sec.llll 
those results cannot be directly used to produce a constraint plot in the / — G/ig plane. Our analysis also differs from 
earlier work in details of the string network, and we are able to forecast constraints from future observation missions 
such as PIXIE. 

The organization of this paper is as follows. In Sec. [Hi we discuss the cosmic string network properties and number 
density of loops, and then, derive the rate of electromagnetic energy density emitted from cusps of superconducting 
cosmic string loops. In Sec. IIIIl we calculate the spectral distortions of the CMB parametrized by chemical potential 

and Compton ?/-parameter due to cosmic strings, and obtain the corresponding constraints from COBE and PIXIE. 
Finally, in Sec. IIVI we summarize our findings. 

Throughout this paper, we use parameters for a flat ACDM model: h = 0.7 {Hq = /i x 100 km/s/Mpc), = 0.05 
and Q.,n = 0.26. Note also that 1 + 2 = /t in the radiation dominant epoch and 1 + z = {1 + 2oq)(^cq/0^^'^ in the 
matter dominant epoch, where t' ~ (2-y/n7^^o)^^ and Zoq = ^m/^r with h^ilr ~ 4.18 x 10~^. We also adopt natural 
units, h ~ c ~ 1, and set the Boltzman constant to unity, fc^ = 1. 



II. STRING NETWORK AND RADIATION 



A superconducting string loop emits electromagnetic radiation at frequency harmonics defined by its inverse length. 
The emitted power is dominated by the highest frequency and is cut off by the finite thickness of the string. The 
total power emitted in photons from loops with cusps is [J| 

= r^i^s, (1) 

where / is the current on the string (assumed constant), is the string tension, and P^ 10 is a numerical coefficient 
that depends on the shape of the loop. The string network also contains a similar number of loops without cusps 
which emit much less power, P '--^ in electromagnetic radiation than loops with cusps. Therefore, the contribution 
of cuspless loops can be ignored. 

The loop also emits gravitational radiation with power [sij 

Pg=r,Gfil (2) 

where Pg ^ 100. Therefore, for every /i^, there is a critical current 

I. - (3) 

and for I > electromagnetic radiation dominates and determines the lifetime of the loop, while for I < gravita- 
tional losses are more important. Hence, we can write the lifetime of a string loop of length L as 



L 



(4) 



TGfis 
where 

P = Pg , /</,, 

P = ;^^=r,f , I>h. (5) 

If a loop is born with length Li, its length changes with time as 

L,-TG^is{t-U). (6) 

Assuming slow decay, we take t 3> U and hence 

L,kL + TG^ist. (7) 



There is not universal agreement on the size distribution of loops. Analytical studies [40|-|42|, and different simula- 
tions done by Refs. (32| - [36j and Refs. (37l - [39| all yield different results. However, according to the model supported 
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FIG. 1: The redshift evolution of dQ/dt. We take I /FG^is = lO" GeV and assume VG^isto < toq (see Eq. ([Til) ') 



by the largest simulation performed to date [39| . which was based on a new parallel simulation technique developed 
in Ref. [i^, and also confirmed the earlier work by Refs. [13, H^, the loop size at formation at time t is given by 
L ~ /3<:, where /3 ~ 0.1. During the eosmological radiation dominated epoch {t < t^q), the number density of loops of 
initial length between Li and Li + dLi is given by 

dn{L^,t)^K-^^^^. (8) 

The overall normalization factor k depends on the inter-string separation of the network and the size of the loops at 
formation, which is obtained from simulations as k ~ 1 . Inserting Eq. ©in ([5]) gives 

^"(^^0 = ^ ,3/2(^/rGM)^/^ , t<t^„ (9) 

as the number density of loops of length L at cosmic time t. 

Similarly, during the eosmological matter dominated epoch the number density of loops is 

kClAL 



dn{L, t) 



t2(L + rG/i,t)2 ' 



where 



Cl = 1 



cq 



(10) 



(11) 



L + TGfist 

The second term takes into account the loops from the radiation dominated epoch that survive into the matter 
dominated epoch. 

The energy injection rate into photons from cosmic strings is found by multiplying Eq. ([l]) by the number density 
of loops in Eq. (jlOp , and integrating over loop length 



— = T^I^s 



dt 



dn{L, t) 



We can write dQ/dt in the radiation and the matter dominated epochs as 

dQ 

dt 

and 

dQ kT^ ly/Jh 2 I tr 

'dt 



3(rGM.)3/2 t3 ' 



(12) 



(13) 



TGfi, t^ 



1 



3 V TGnst 



t > te 



3(rG/i,)3/2 t3 



(14) 



where in the second line, we have restricted attention to strings such that YGfisto <S ieq — being the present 
eosmological epoch — a condition that is satisfied in a large part of the allowed range of string parameters. 
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FIG. 2: The /i-distortion as a function of I /VG^s- The dotted and dashed lines represent COBE FIRAS hmit and the detection 
hmit by PIXIE in its current design. 



In the early universe (z > 10^ where z denotes cosmic redshift), we expect that energy injected into the cosmological 
medium will be thermalized by photon-electron interactions, i.e., by Conipton and double Compton scatterings. As a 
result, the photon distribution in the early universe maintains its blackbody spectrum. However, the energy injection 
from cosmic strings mainly consists of very high energy photons (w ^ ^//xl » rrie) and the optical depth of such high 
energy photons for Compton and double Compton scatterings is not high, because the scattering cross-sections are 
suppressed by the photon energy. Then, thermalization proceeds in two steps. First, the high energy photons lose 
their energy quickly via photon-photon scattering or photo pair production (see Ref. [47|). Once the energy of the 
photons is reduced by these processes, they can be thermalized by Compton and double Compton scatterings and the 
photons again achieve a blackbody spectrum. 

At lower redshifts {z < 10^), Compton and double Compton scatterings decouple and the injected photons can no 
longer be thermalized efficiently. Accordingly, energy injection produces distortions in the blackbody spectrum of the 



First, the decoupling of double Compton scattering takes place at z ^ 10^. As a consequence, photon number is 
conserved for z < 10®, and only the energy among the photons can be re-distributed. This is insufficient to establish a 
blackbody spectrum for the photons. However, the injected photons are still thermalized by Compton scattering, and 
the CMB spectrum in this thermal equilibrium state is described by the Bose-Einstein distribution with a chemical 
potential ^. 

Thermalization due to Compton scattering also becomes inefficient at z ~ 10^, when the time scale of the Compton 
scattering process becomes longer than the Hubble time. The energy injection after Compton decoupling produces a 
distortion which is parameterized by the Compton y-parameter. 



III. CMB DISTORTIONS DUE TO COSMIC STRINGS 



CMB. 



A. /i-distortion 



The time evolution of the /Lt-distortion of the CMB spectrum due to energy injection is given by [l 

dfx _ jJL 1.4 dQ 



(15) 



dt tDc{z) p-y dt 



Here is the photon energy density, t dc is the time scale for double Compton scattering 




(16) 



where Yp is the primordial helium mass fraction. 
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FIG. 3: The constraint from /^-distortion on I-G^a plane. The dark shaded area is ruled out by COBE constraint on /x- 
distortion. If there is no detection of /i-distortion by PIXIE, the lightly shaded region within the thick dashed line will be 
ruled out. The region above the thin dashed line is where gravitational radiation dominates over electromagnetic radiation, 
i.e., 7 < 7, (see Eq. The hatched region is excluded because 7 > and exceeds the saturation value of the current on 

superconducting strings. Also, millisecond pulsar observations constrain G/is < 10^^ as shown by the dot-dashed line. 



As explained above, the /i— distortion is only produced in a redshift range zi ~ 10^ to Z2 ~ 10^, when double 
Compton scattering is inefficient, but Compton scattering is still operative. Then, the solution to Eq. (|15p is 

= 1.4 r^'^ dt'Wi eM-{mi^^Dcf'^] = 1.4 r dz^^ cM~iz/zDc)'^% (17) 
Jt{zi) Py Jzi Pi 



where 

ZDc = 1.97 X 10' 



1 _ i ^ ^" 



2 V0.24 

Performing the integration in Eq. ([T7| with Eq ([T^ . we find 



0.0224 



(18) 



M-4.6xl0-(-^^±^), (19) 



I|TG^l. 

10" GeV 

which is plotted in Figj2](the result depends only very weakly on the integration limits zi and Z2). According to the 
COBE constraint pTl lisf. we obtain 

^ < 1.95 X 10^^ GeV , (COBE), (20) 



and the predicted constraint from PIXIE is more severe [l9j . 

/ 



< 1.08 X 10^ GeV , (PIXIE). (21) 



We plot these constraints in the I-Gfig plane in Fig. |31 

In Fig.[3J the region above the short-dashed line is where gravitational radiation losses dominate the electromagnetic 
radiation, i.e., / < where /» is defined in Eq. (jS]). In this region, F ^ 100 from Eq. ([5]). Then, Eqs. (^0]) and (^1]) 
give the constraints, 

^ < 1.95 X IQi'* GeV , (COBE), (22) 



I 



< 1.08 X 10" GeV , (PIXIE). (23) 
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In the region below the short-dashed hne in Fig. [3l electromagnetic radiation dominates over gravitational radiation. 
As a result, in this region, the constraints from /i-distortion represented by Eqs. (|20[) and (j2ip can be written using 
Eq. ®, 

GjjLs < 2.5 X 10"^^ (COBE), (24) 

Gfis < 7.9 X 10-l^ (PIXIE). (25) 
Note that the constraint is independent of the current provided I > I^: holds. 



B. Compton j/-distortion 

For z < 10^, the injected energy is no longer thermalized by Compton scattering. Instead, the injected energy heats 
up electrons, which then scatter the CMB photons by the inverse Compton process, leading to y-distortions of the 
CMB. 

The Compton y-parameter is given by [ll| 

y = dt— neCTT, (26) 

where Tg is the electron temperature, T is the temperature of the cosmic background radiation, rtg is the number 
density of free electrons, ax is the Thomson scattering cross section and is the present time. The time ^freeze 
represents the freeze out time of thermalization, which we set it to be z ^ 10^. 

The evolution of the electron temperature Tg with injected photon energy is written as 

d Tif.UT f uj — AT^ 4 n^cjT a 

Ue—Te = —— / ujfujdw - pj[Te -T) - 2-Tene, (27) 

at o J iTT-e o rrie a 

where /^^ is the spectrum of photons injected by time t — in other words, /(^ is the spectrum of all photons minus the 
spectrum of blackbody photons. The first term on the right hand side (rhs) of Eq. (f27| describes Compton heating 
of electrons by injected photons; the second term describes the Compton cooling of electrons by photons; the third 
describes cooling due to cosmic expansion. 

The evolution of the spectrum /^^ is obtained from the equation, 

= uj——neaT H JiuUeCFT + -w-r 2-/^ + df^, (28) 

at me ou! nie a ooj a 

where Sf^^ is the injected number of photons with frequency w per unit time. The first two terms on the rhs of 
Eq. describe Compton cooling of injected photons, and the third and forth terms describe cooling due to Hubble 
expansion. 

In order to analytically evaluate the electron temperature, we note that the last term in Eq. (j27p is suppressed 
by the inverse cosmic time, which is much larger than the microphysical time involved in Compton processes. So 
we ignore the Hubble expansion term and assume the quasi-steady state condition: dTe/dt = 0. Then, the electron 
temperature is 

Te-T^-^ / dij '-ujf^. 29 

The term on the rhs can be found by integrating Eq. (|28p over the photon energy 

d p p c.-4re dQ 

— dww/^ = - / duj w/„ne(7T-F— , (30) 

dt Jq Jq me dt 

where we ignore cosmic expansion again because the time scale of Thomson scattering is much shorter than the 
cosmological time. Also, the total injected energy rate by cosmic strings is 



dQ 
dt 



du!U) Sf^ . (31) 
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FIG. 4: The energy loss from photons in a Hubble time due to Compton scattering as a function of injected photon energy. 
The curves are for z — lO" and 10"^. 



The first term on the rhs of Eq. (pOj) describes the energy loss rate from the photons due to Compton cooling. We 
express this term as d£^/dt. Note that is the spectral distribution of photons minus the blackbody distribution, 
and £^ is also the energy of photons that are in the spectral deviation from blackbody. 
Then, from Eq. (|29p . we can rewrite the electron temperature in terms of -Bioss as 



T - 



dQ d£-y 
'dt ~ ~dt 



(32) 



We will now argue that the rate of change of is of order the Hubble expansion rate and can be ignored in our quasi- 
steady state treatment. Basically, the idea is that the energy of high frequency photons injected by strings is transferred 
very efficiently to electrons by Compton scattering. A photon with frequency loses energy E^{E^ — ATe)/me per 
Compton scattering. Hence, the energy loss of a photon with high initial energy E^q ^ within a Hubble time is 
approximated as 

Fig. m shows that 5E^ ^ E^q at 2 = 10^ and 10'^ for high energy photons and it is clear that the injected photon 
energy is fully transferred into electrons well within a Hubble time. So, the energy £^ only varies on a cosmological 
time scale, and its time derivative can be ignored in the quasi-steady state approximation. Therefore, we can drop 
the last term in Eq. ((32)) and obtain 

Te~T»- (34) 

Ap-yUear dt 



which, from Eq. (l26l) . leads to 



t(Zro 



1 dQ 



where the upper bound of the integration t(2;rcc) is the recombination epoch, which is introduced since the injected 
energy does not transfer into the background electrons once the optical depth becomes very low after recombination. 
We now calculate the integral in Eq. ([55]) with Eq. ([T^ and Eq. (|14p , and plot the result in Fig. [SJ The fit is 

The corresponding constraint from COBE yields 

— ^ < 1.57 X 10^2 GcV , (COBE) (37) 
FG/is 
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FIG. 5: The y-distortion as a function of I /TG^a- The dotted and dashed lines represent COBE FIRAS limit and the current 
detection limit by PIXIE, respectively. 



and PIXIE will be able to constrain up to 



< 1.09 X 10^ GeV , (PIXIE). 



(38) 



These constraints arc very similar to those obtained from /i-distortion in Eqs. ([22|) and ([231 



IV. CONCLUSIONS 

We studied the effect of electromagnetic radiation from superconducting cosmic string loops on CMB spectral 
distortions, and obtained constraints on the parameter space of string tension G/ig and the current /. Earlier studies 
by Refs. [29l . Isoj to constrain superconducting cosmic string parameters from CMB spectral distortions assumed that 
the power going into electromagnetic radiation, P-^, is a independent, small, constant fraction of the power going 
into gravitational radiation, Pg, and hence, the loop lifetime is determined by gravitational radiation. In Sec. |lll we 
explained that the electromagnetic power depends on the current in the string [see Eq. ([1])], hence, it is not simply 
a fraction of Pg. Besides, since Py depends on the current, /, at some value of the current given by Eq. ([3|), the 
electromagnetic radiation becomes the dominant energy loss mechanism, and the lifetime of the loops is determined 
byP^. 

We made some simplifying assumptions in this paper. First of all, we assumed that the cosmic network charac- 
teristics for the superconducting strings is the same as ordinary ones with no current, as always assumed in cosmic 
string simulations. We do not think that the effect of the current will be very significant in the accuracy of our order 
of magnitude estimates. Another simplifying assumption was that cosmic string cusps produce homogeneous CMB 
distortions. Therefore, we assumed that the beamed radiation from cusps are quickly isotropized since we focus on 
very early epochs z < Zrec ^ 1100, where the injected photons quickly thermalize |47|. On the other hand, if the 
radiation from cusps is not isotropized efficiently, the CMB distortions will depend on the direction of observation. 

In Sec, mil we showed that both fi- and y-distortions give comparable constraints on the parameter space. COBE- 
FIRAS measurement of no spectral distortion of the CMB places upper bounds on the distortion parameters, < 
9 X 10~^ and y < 1.5 x 10~^ [l3i[3- On the other hand, the proposed future space mission PIXIE can constrain 
them up to, \fj.\ ^ 5 x 10~® and y ~ 10~* at the 5 a level [13|- The corresponding constraints from COBE and PIXIE 
on string parameters for fi distortion are relatively given by 



I 



< 1.95 X 10^* GeV, (COBE), 

< 1.08 X 10" GeV, (PIXIE), 



(39) 
(40) 



where the loop lifetime is determined by gravitational energy losses, / < /*. In the opposite regime, / > /*, we 



9 



obtained 

Gus < 2.5 X IQ-^^, (COBE), (41) 
Gfi, < 7.9 X 10"^^, (PIXIE). (42) 

These constraints arc summarized in Fig. [3l We have also calculated the CMB distortion due to superconducting 
strings. These lead to constraints that are similar in magnitude to those from the /i— distortion and are shown in 
Fig. El 

If PIXIE does not detect suitable distortions, only light superconducting strings with modest currents (up to 
~ 10^ GeV), or somewhat heavier strings but with small currents (< 10'* GeV) will be allowed. Of course, there is a 
possibility that CMB distortions will be detected, in which case, one needs to look at other distinguishing signatures 
from superconducting cosmic strings such as neutrino bursts Q ^^'^ radio transients [l3| • 
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